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On the nature of dark conductivity, photoconductivity and gauge effect in rubrene.
The appreciable dark conductivity typically observed at the free (a,b) surface of pristine rubrene crystals (the so-called built-in conduction channel) has been originally attributed to the presence of a monolayer of rubrene endo-peroxide at the surface [ 3 ] . This assignment has been prompted by the fact that rubrene molecules in solutions are known to readily photooxidize, leading to rapid bleaching of liquid samples [ 4 ] . However, recent detailed studies of crystalline rubrene by the methods of surface analysis, including X-ray photoelectron and secondary ion mass spectroscopies and atomic force microscopy (XPS, SIMS and AFM), have conclusively
shown that (a,b) facets of pristine rubrene crystals are almost free from oxygen [ 5 ] . This appears to be due to the tight packing of rubrene molecules in the crystal lattice that makes the surface very resilient against oxidation. Indeed, rubrene single crystals stored in air for as long as a few years (mostly in the dark, but occasionally handled under ambient or microscope illumination)
have a surface concentration of atomic oxygen as low as 1-3 % of what would be a monolayer of rubrene fully oxidized to endo-peroxide [5] . Thus, the built-in surface conduction channel in pristine rubrene crystals does not appear to be formed as a result of surface oxidation, but rather occurs via other mechanisms that could be related, for example, to a band bending at the free crystal surface or small relaxation of the surface structure [ 6 ] . Similar mechanisms might also be responsible for the surface dissociation of triplet excitons diffusing from the bulk and generating a substantial surface photocurrent [ 7 ] .
Irrespectively of the exact microscopic mechanism of the dark and photo-conductivity of rubrene, the gauge effect described in the main text gives us a powerful tool to selectively "turn off" the surface and switch the sample from a surface to a bulk (photo)conductor, without morphologically or chemically damaging the surface.
There are several strong arguments in favor of a short-range nature of the gauge effect:
(1). It was concluded that the species generated by high-vacuum gauges are electrically neutral, because the gauge effect degradation appears to be insensitive to various combinations of potentials applied to electric grids inserted between the gauge and the sample in an attempt to prevent the species from reaching the sample [ 8 ] . Thus, these charge-neutral species landing at the crystal's surface cannot exert any long-range Coulomb force on the charge carriers that might be flowing in the bulk. 4 (2). It was also concluded that the species generated by high-vacuum gauges and heated filaments consist of fragments of rather large hydrocarbons (residual molecules of pump oil), and thus they have no chance of physically permeating into the tight lattice of rubrene single crystals below the surface. This assessment was based on the measurement of activation energy of the gauge effect rate as a function of the temperature of glowing filament [8] . This process turns out to have a small activation energy, E a = 2.5 eV (240 kJ/mol), and a relatively low filament threshold temperature, ~ 950 o C, when the gauge effect onset occurs. It is known from the surface science studies that the only reaction possible at such a low energy and temperature is a homolytic cracking of C-C bonds of heavy hydrocarbons (see, e.g., [9] , [10], [11] ). Bond cracking and dissociation of lighter molecular species present in high vacuum (for instance, residual diatomic or triatomic gases, such as H 2 O, CO, CO 2 ) requires a much higher energy.
Therefore, the species relevant here must be relatively large, which would certainly prevent them from physically diffusing into the crystal lattice. Indeed, it has been recently shown through detailed SIMS, XPS and AFM study that even small molecular gases, such as O 2 , cannot permeate rubrene lattice, unless the surface is forcefully photooxidized under a bright light with a formation of surface oxide defects [5] . Thus, it is very unlikely that the gauge species can physically penetrate into the crystal.
(3). We have performed a control experiment, in which rubrene crystals were coated with a self assembled monolayer (SAM) of fluoro-alkyl-trichlorosilane (FTS), placed in a vacuum chamber and exposed to a high-vacuum gauge. Rubrene-FTS interface is conducting (see, e.g., [ 12 ] ) and can be monitored in-situ in high vacuum as a function of high-vacuum gauge operation.
We have done these measurements and observed that gauges had absolutely no impact on conductivity of rubrene-FTS interface. The surface of the crystal coated with only a 1.3 nmthick monolayer (FTS SAM) had virtually no response to the gauge, irrespectively of the duration of the exposure or the vacuum level. Such behavior is in stark contrast with pristine uncoated rubrene. This control experiment suggests that a layer of nanoscale thickness (SAM), separating the crystal from the gauge radicals landing at the surface, is sufficient to protect the conducting surface from the gauge effect species, which points to a short-range nature of the gauge effect.
(4). Finally, we have carried out an additional control experiment, in which a pristine rubrene crystal with contacts was first coated with a thin layer of parylene (a conformal, pin-hole 5 free, transparent polymer insulator) and then placed in a high vacuum chamber. The parylene thickness was d = 280 nm (that is, much smaller than the typical light penetration length in rubrene in the visible range of spectrum, α -1 ~ a few µm). Measurements of this sample under a white-light photoexcitation showed that there were absolutely no degradation of photoconductivity after the gauge was turned on (Fig. S1 ). Thus, a thin (d << α -1 ) protective layer is sufficient to prevent the gauge effect from interfering with photocarriers, which once again suggests a short-range nature of the gauge effect. Vacuum level: 10 -5 Torr. It is evident that a protective layer much thinner than α -1 completely eliminates the gauge-effect degradation of photoconductivity.
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These experiments show that the only mechanism by which the gauge-effect species could influence the charge transport is trapping of mobile carriers at the surface of the crystal (generation of surface traps).
An additional advantage of using gauge effect is that the transition from a surface to a bulk mode is reversible, because the gauge effect can be fully recovered within a few hours by exposing the damaged samples to air or oxygen atmosphere under illumination (for details, see [8] ). Despite free radicals being rather reactive species, such recovery is possible due to the powerful mechanism of free radical scavenging by singlet molecular oxygen (which is the first excited state of O 2 molecule) known in spin-selective radical chemistry [ 13 ] . This occurs via a triplet-to-singlet conversion of O 2 in a vicinity of rubrene molecules (at the surface of the crystals) through the photosensitized energy transfer from excited rubrene to O 2 [4] . Thus, we can intentionally switch between the two distinct regimes of photoconductivity of the same sample and measure the photoexcitation intensity dependence, σ PC (G), of either the surface or the bulk photocurrents independently.
Gauge effect should not significantly influence the triplet exciton dissociation rate at the surface, because the typical density of traps generated by high-vacuum gauges at the surface (10 9 -10 12 cm -2 ) is much smaller than the density of rubrene molecules comprising the (a,b) facet of the crystal (10 14 cm -2 ) [8] . Such a small trap density is inferred from the measurements of the threshold voltage shift in vacuum-gap OFETs under typical gauge effect exposure conditions.
Thus, a triplet exciton diffusing toward the top (a,b) surface of the crystal from the bulk would encounter a pristine rubrene molecular site with a much higher probability than it would encounter a surface trap. Therefore, only a negligible fraction of triplet excitons arriving to the top surface would interact with such a trap first, making any possible outcome of such an interaction statistically insignificant. Hence, the overall triplet dissociation rate (averaged over macroscopically large surface of the sample) should not be significantly affected by the gauge species sparsely distributed over the surface. 
Photoconductivity and intentional (gradual) photooxidation of rubrene crystals.
We have shown in the main text that the excitation density dependence of photoconductivity, shown to systematically reduce the dark and photoconductivity of rubrene crystals [14] . In the experiment presented in Fig. S2 below, a pristine rubrene crystal was first measured and then exposed to a bright white light (100 mW·cm -2 ) in air for a short period of time (~ 10 s), which has immediately led to a reduction of the dark and photoconductivity of the sample. After each additional dose of photooxidation, dark and photoconductivity were measured in high vacuum (with the gauge off). The resultant set of σ PC (G) curves reveals a remarkable result (Fig. S2 ).
Each dose of photooxidation reduces the absolute value of photoconductivity and leads to a gradual evolution from the power exponent α = 1/3 (corresponding to the surface-dominated photoconductivity in pristine crystals) to α = ½ that corresponds to pure bulk photoconductivity.
Interestingly, the drastic reduction of the absolute value of photoconductivity in this process (by almost two orders of magnitude) is irreversible, contrary to the case of the gauge-effect treated samples that can be recovered. However, the final state corresponding to fully oxidized surface (the lowest curve in Fig. S2 ) is identical in behavior to the gauge-effect treated samples that also show σ PC ∝ G 0.5 dependence with α = ½ and a very small dark conductivity, σ 0 ~ 50 pS.
This additional experiment shows that the exact method of introducing surface defects is not important: we observe a similar transformation from α = 1/3 to α = ½ (accompanied by a drastic reduction of the absolute value of photoconductivity) after exposing the crystals to high-vacuum 8 gauges, intentionally introducing microscopic mechanical scratches at the (a,b) facet between the contacts, as well as photooxidation. Photooxidation was performed by exposing the crystal to short doses of illumination in air, as described in sec. 3 of this Supplementary Information. Photoexcitation for σ PC measurements was achieved by illuminating the (a,b) facet of the crystal at a normal incidence with a monochromatic light (λ = 500 nm, penetration length α -1 = 1 µm) in high vacuum with the gauge off. As the density of oxygen-related traps near the surface of the crystal increases, σ PC (G) ∝ G α dependence clearly shows a gradual transformation from α = 1/3 (surface photoconductivity) to α = ½ (bulk photoconductivity).
Comparison of the mechanisms of sub-linear photoconductivity in rubrene and Si.
It can be seen in Indeed, as we show in Fig. S3b for crystalline Si(111), one can achieve a situation when a third-order (three-particle) mechanism of sublinearity in photoconductivity becomes apparent.
This can only be observed when using a very high photoexcitation intensity (when the photocarrier concentration is high), or when the material is of exceptionally high purity and has a high carrier mobility, that is, when other recombination channels (involving bang-gap states) are suppressed. This third-order recombination mechanism is related to the Auger effect, in which the excess energy and momentum are transferred to a third carrier that gets excited to a higher energy level within the band. After such a three-particle interaction, the third carrier eventually losses its excess energy to thermal lattice vibrations. Our experiments show that in rubrene single crystals, the onset of power-law dependence with α = 1/3 occurs at a very low excitation intensity (5-6 orders of magnitude lower than that in Si), and this regime persists over a wide range of excitation powers (Fig. S3) . One must consider the difference between these two materials with respect to the particle interactions and dynamics.
While in Si (at room temperature) photon absorption leads to a direct creation of mobile electrons and holes, photon absorption in rubrene leads to a generation of excitonic states with 11 relatively long lifetimes of a few nanoseconds for singlets and ~ 100 microseconds for triplets, and charge carrier generation in rubrene is a secondary process that occurs due to assisted dissociation of such long-lived excitons. This results in a situation when steady-state photoexcitation can produce relatively large populations of triplet excitons and charge carriers, and new decay channels, such as triplet-charge quenching, become dominant. This, however, is not expected in Si because of the absence of stable excitons at room temperature.
The fact that sublinearities in the power dependence of photoconductivity in Si occur at much greater excitation densities than in rubrene (Fig. S3) , when the two systems are measured in similar experimental conditions, is consistent with the bulk vs. surface nature of photoconductivity in Si and pristine rubrene, respectively. In addition, the sequence of exponents in pristine rubrene is different from that in Si: in pristine rubrene (surface photoconductivity) we have α = 1, then 1/3, and then ¼, with the electron-hole recombination regime (α = 1/2) missing. This indicates that α = 1/3 regime in rubrene cannot be assigned to a three-particle Auger recombination, as in such a case it would have been preceded by the α = ½ regime due to a more probable np recombination. This clearly shows that the mechanisms of sub-linearities in photoconductivity in molecular crystals are fundamentally different from those in inorganic semiconductors.
Refinement of the photoconductivity "oscillations" model (Ref. [7]).
The sub-linear excitation intensity dependence of photoconductivity observed in this work spans many orders of magnitude in excitation powers and covers the range typically used in laboratory studies of photophysical properties of organic materials. For instance, the regime described by the function σ ∝ G 1/3 (the so-called α = 1/3 regime) extends over three-four orders of magnitude in illumination intensity (Figs. 1 and 3b of the main text and Fig. S3a above) .
Therefore, it is very likely that most (if not any) existing measurements, in which the excitation density is varied, are affected by this dependence.
An important measurement that has been recently performed in rubrene concerns the modulations of photoconductivity with the polarization angle of light, σ PC (θ) (the so-called "oscillations" in photoconductivity) [7] . Here, θ refers to an angle between the polarization of a monochromatic linearly polarized light normally incident on the (a,b) facet of rubrene crystal and the crystallographic b-axis of the crystal (the high-mobility axis). As usual, the photoconductivity in this experiment has been measured in a co-planar contact geometry at the (a,b) facet of the crystal. It has been found that in high-purity pristine rubrene crystals, the contrast of photoconductivity modulations, η σ , is much smaller than the corresponding contrast of the absorption coefficient, η α (Fig. S4 below, reproduced from Ref. [7] ). Here, again, the absorption coefficient of rubrene, α, should not be confused with the power exponent α in σ(G)
dependence. The contrasts in σ PC and α are defined as: (Fig. S4 , see also Ref. [7] ).
This effect can only be rationalized by assuming a long-range diffusion of photogenerated excitons to the surface of the crystal, where they dissociate and generate surface photocurrent. In The rather low integral PL quantum yield in rubrene crystals (only about 1-2 % at low to moderate photoexcitation intensities) is consistent with singlet fission occurring in this material.
Such PL quantum efficiency is still greater than that in tetracene or pentacene, which are both known to be singlet fission materials. This however can be understood based on the fact that in tetracene and pentacene, the first excited triplet energy T 1 is smaller than one half of the singlet energy S 1 , and thus triplet fusion requires a thermal activation. On the contrary, in rubrene, triplet energy is believed to be very close to one half of the singlet energy, and thus fusion process is rather efficient at room temperature, leading to a recovery of some singlets. This makes PL quantum yield in rubrene higher in cw measurements. The triplet excitons in rubrene 13 can migrate throughout the crystal over the distances much greater than the typical diffusion range for singlet excitons and dissociate on defects (including the natural boundaries of crystalstheir surfaces), thus generating photoconductivity. This effect has been modeled by Najafov et al. by taking the integral that counts the total number of triplet excitons reaching the top surface of the crystal (for details, see Ref. [7] ). This integral is reproduced here:
In this integral, α α α α·Φ 0 ·exp(-α α α αx)·dx is the number of photons absorbed in a layer of the crystal below the (a,b) surface from x to x + dx (x represents the depth into the crystal with x = 0 corresponding to the top (a,b) surface of the crystal). The second exponent, exp(-x/L EX ), is 14 related to the probability for a triplet exciton generated at the depth x to reach the top surface of the crystal. According to this model, the photoconductivity oscillations would then be described by the contrast: is not yet dominant, the two other terms (T/τ T and βT) are also small and can be neglected, because the triplet lifetime τ T is long, and the quantum efficiency of triplet dissociation at the surface, β, is relatively small. This leaves only two dominant terms in eq. 2:
the triplet generation via singlet fission (2f S S/τ S ) and the triplet-charge quenching at the surface (γ a T·n). Thus, in this regime, the set of rate equations 1-3 reduces to the following:
These equations lead to the following steady-state (dS/dt = dT/dt = dn/dt = 0) solution for the densities of singlets, triplets and photocarriers: S ∝ G, T⋅n ∝ G, and n ∝ G 1/3 .
15 It can be seen that in the refined model, the exciton diffusion length is quite substantial, L EX > 1 µm.
Note that eq. S4 for the steady-state density of triplets T has two terms: 1 st is the source of triplets via singlet fission, and 2 nd is the most relevant (in this regime) channel of triplet decay via triplet-charge quenching. The combination of these competing processes is what determines the steady-state triplet population, T, which in turn governs the photocarrier production described by eq. S5. The source of triplets via singlet fission plays an equivalent role as the integral used 16 by Najafov et al. in their original modeling of photocurrent oscillations (the integral in eq. S1
above) [7] . The only difference between that integral and the term 2f S S/τ S in eq. S4 is that the integral calculates the portion of triplets that reach the top surface of the crystal via diffusion characterized by exciton diffusion length, L EX , while the 1 st term in eq. S4 refers to the overall triplet population.
Thus, in order to make the necessary refinement of Najafov's model, one has to take into account both the triplet source and the triplet decay channels, so that a steady-state population of triplets, T, is used, instead of just the source of triplets. Such an adjustment of the model can be easily done by taking the expression on the right-hand side of eq. S1 (the result of the integration) and using it as the source of triplets in eq. S4:
After this, instead of T⋅n ∝ G and n ∝ G 1/3 , we get:
(from eq. S4), and n ∝ 
This expression (instead of the original one in (S2)) should be used to model the photoconductivity oscillations. Figure S5 performs such a modeling using both the old formula from Najafov et al. [7] (eq. S2) and the new formula (eq. S8). The refined model (green solid symbols) leads to somewhat smaller exciton diffusion lengths for the oscillation contrasts > 5%, while it gives longer L EX for smaller contrasts. Nevertheless, even at a very large oscillation contrast of 10 % (which is typically a sign of insufficiently purified crystals), the exciton diffusion length predicted by the refined model is still large, ~ 1 µm. 17 Finally, we would like to emphasize that the co-planar device geometry (electrical contacts separated by a large distance of 1-3 mm, deposited at the top surface of the crystal), as well as macroscopically thick crystals used in Najafov et al. [7] and in this work by Irkhin et al. ensure that there are no experimental artifacts related to the unaccounted effects of interference and exciton quenching at metal/organic interfaces that are very common in thickness-dependent PL quenching and photo-current excitation spectroscopy measurements in sandwiched thin films.
An excellent review of various artifacts that can lead to erroneous measurements of exciton diffusion length in thin-film devices can be found in the recent paper by R. R. Lunt et al. [ 20 ] .
